Abstract
period for an area stretching from the eastern Czech Republic to Ukraine. For Europe, as a whole, it is among the six hottest and driest summers since 1950. High evapotranspiration rates combined with a lack of precipitation affected soil moisture and vegetation and led to record low river flows in several major rivers, even beyond the drought-hit region. The 2015 drought developed rather rapidly over the Iberian Peninsula, France, southern Benelux and central Germany in May and 25 reached peak intensity and spatial extent by August, affecting especially the eastern part of Europe. Over the summer period, there were four heat wave episodes, all associated with persistent blocking events. Upper level atmospheric circulation over Europe was characterized by positive 500 hPa geopotential height anomalies flanked by a large negative anomaly to the north and west (i.e. over the central North Atlantic Ocean extending to northern Fennoscandia) and another centre of positive 30 geopotential height anomalies over Greenland and northern Canada. Simultaneously, the summer sea surface temperatures (SSTs) was characterized by large negative anomalies in the central North Atlantic Ocean and large positive anomalies in the Mediterranean basin. Composite analysis shows that the western Mediterranean SST is strongly related to the occurrence of dry and hot summers over the last 66 years (especially over the eastern part of Europe). The lagged relationship between 35 the Mediterranean SST and summer drought conditions established in this study can provide valuable skill for the prediction of drought conditions over Europe on interannual to decadal time scales.
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Introduction
Drought is part of the natural climate cycle that commonly affects large areas and can last for several months or even years. It is a complex phenomenon with wide ranging environmental and socioeconomic impacts and is considered globally to be one of the costliest natural hazards (Wilhite, 2000 , EEA, 2010 . In Europe, the overall losses due to drought over the period 1976 -5 2006 have been estimated at about 100 billion Euros (EC, 2007) . Drought can affect all components of the hydrological cycle, from its origin as a deficit in precipitation, which combined with high evapotranspiration losses can lead to deficit in soil moisture and subsequently can manifest itself as a hydrological drought, i.e. deficits in streamflow and groundwater (Tallaksen and Van Lanen, 2004) . In cold regions, a temperature anomaly may cause similar winter drought to develop (Van 10 Loon and Van Lanen, 2012) . Consequently, drought can cause a wide range of impacts affecting the environment, society and economy, where impacts on agriculture and public water supply are most frequently reported (Stahl et al., 2016) . Prolonged droughts with severe impacts, such as the major drought in 2003, have highlighted Europe's vulnerability to this natural hazard and alerted governments, stake holders and operational agencies to the disastrous effects droughts may have on 15 the society and economy, including the need for mitigation measures (EEA, 2001 (EEA, , 2010 EC, 2012) . The 2015 event was extreme, but not singular. In fact, the beginning of the 21 st century has seen an increase in the frequency of prolonged droughts and heat waves in Europe, including the event of 30 2003 that affected large parts of central Europe. Other major events include the drought in 2008 over the Iberian Peninsula (Andreu et al., 2009) , the drought and heat wave in Russia in 2010 (Barriopedro et al., 2011) and the spring drought of 2011 over western part of Europe. As average global temperatures continue to rise, it is estimated that droughts will further intensify in the 21 st century, particularly in certain seasons and regions, e.g. in southern and eastern Europe (Stagge et al., 2014; Spinoni et al., 2016) , parts of North America, Central America, and southern Africa (Seneviratne et al., 2012; Orlowski and Seneviratne, 2012; Prudhomme et al., 2013; Wanders et al., 2015) .
A better understanding of the spatial and temporal development of these major drought events, in 5 particular their triggering mechanisms and persistence, is vital to enable a better prediction of prolonged dry periods and extensive drought extent Van Huijgevoort et al., 2013) . Persistent dry (wet) conditions are usually associated with anticyclonic (cyclonic) circulation, while the sea surface temperatures (SST) can play also an important role via the interaction with large scale climatic/oceanic modes of variability (e.g. North Atlantic oscillation 10 (NAO), El Niño-Southern Oscillation (ENSO) (Ionita et al., 2011; Schubert et al., 2014) ).
Altogether, when favorable phase conditions are met, both large scale atmospheric as well as oceanic factors could act as precursors to dry (wet) summers over Europe (Kingston et al., 2013 (Kingston et al., , 2015 Ionita et al., 2012 Ionita et al., , 2015 .
This paper summarizes a collaborative initiative of members of programme to perform a pan-European assessment of the drought of 2015 from a climatological point of view. In an accompanying paper , a similar pan-European assessment of the drought from a hydrological perspective is performed with focus on streamflow records.
Impacts and examples of how the drought of 2015 was managed are described by Van Lanen et al. drought event into a long-term perspective.
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The paper is organized as follows: Section 2 gives an introduction to the data and methods used.
The results of surface analysis of the summer drought of 2015 are shown in Section 3, while the prevailing ocean-atmosphere conditions are presented in Section 4. The similarities and differences with the summer event of 2003 and the long-term context of the 2015 event are shown in Section 5.
A detailed discussion is given in Section 6, while the concluding remarks and some 30 recommendations are provided in Section 7.
Data and methods
Climate, oceanic and hydrologic data
Climate variables, i.e. daily time series of precipitation (P), mean temperature (T) and maximum temperature (Tx), originate from the E-OBS dataset (Haylock et al., 2008 years. For this study, we use the regular 0.25° x 0.25° latitude -longitude grid.
Daily Outgoing Longwave Radiation (OLR) was extracted from NOAA Interpolated Outgoing
Longwave Radiation dataset (Liebmann and Smith, 1996) . For the Northern Hemisphere 10 atmospheric circulation, we use the daily and monthly means of geopotential height at 500-hPa (Z500) and 850 hPa (Z850) levels, the zonal wind at 850 hPa level (U850), 500 hPa level (U500) and 250 hPa level (U250), the meridional wind at 850 hPa level (V850) and 500 hPa level (V500) and the mean sea level pressure (SLP) from the NCEP/NCAR 40-year reanalysis project (Kalnay et al., 1996) on a 2.5º x 2.5º grid. The vertically integrated water vapor transport (WVT) (Peixoto and 15 Oort, 1992) is calculated using zonal wind (u), meridional wind (v) and specific humidity (q), also from the NCEP/NCAR reanalysis (Kalnay et al., 1996) . WVT vectors for latitude ( ) and longitude (  ) are defined as follows:
where zonal (Qλ) and meridional (QФ) components of Q are given by eq. (2):
For each vertical layer and each grid-point, we calculate the product between the monthly values of horizontal wind (u) and specific humidity (q). The result is multiplied with the pressure thickness of the layer they represent and divided by gravity. The WVT is obtained by summation of water transport for all layers located between the Earth's surface and 300 hPa level. We also used the 25 divergence of water vapor K, which is in balance with the surface fresh water flux E-P (Peixoto and Ort, 1992) :
where  denotes the two dimensional divergence operator, E evaporation and P precipitation.
Regions of mean positive divergence (E-P>0) constitute source regions of water vapour, whereas 30 regions of convergence (E-P<0) are sink regions for water vapour.
Global SST is extracted from the Extended Reconstructed Sea Surface Temperature data et (ERSSTv4b; Liu et al., 2014) . This dataset covers the period 1854 -2015 and has a spatial resolution of 2° x 2°. For daily SST, we use the OISST dataset (Reynolds at al., 2007) . 
Climatological drought indices (SPI and SPEI)
The Standardized Precipitation Index, SPI (McKee et al., 1993; Guttman, 1999) and the Standardized Precipitation Evapotranspiration Index, SPEI (Vicente-Serrano et al., 2010; Beguería et al., 2013) are used as indicators for meteorological/climatological drought. The SPI has become a favored meteorological drought index in Europe and is recommended by the World Meteorological 10 Organization (Hayes et al., 2011; WMO, 2012) . The more recently developed SPEI uses a similar methodology, but includes a more comprehensive formulation of the climatic water balance that may better quantify drought (Beguería et al., 2013) . The SPI and SPEI normalize accumulated precipitation (P) and climatic water balance (P -PE), respectively, where PE represents the potential evapotranspiration. By taking into account different accumulation periods, both indices . A negative SPI (SPEI) represents values lower than the median and values less than -2 are considered to represent extremely dry conditions, corresponding to a 1 in 50-year event (WMO, 2012) . A 3-months accumulation period was chosen to capture the seasonal development of 25 the drought and enable comparison with monthly anomalies in P and T. Kingston et al. (2015) concluded that atmospheric anomalies associated with major drought events were very similar whether a 3 or 6-month accumulation period was used.
Potential evapotranspiration (for the computation of SPEI) was calculated using the Hargreaves equation (Hargreaves and Samani, 1985) . This method uses the daily difference between maximum 30 daily temperature (Tx) and minimum daily temperature (Tn) as a proxy to estimate net radiation. Use of the Hargreaves equation when calculating SPEI has shown to be robust for Europe, providing similar results to more complex models (Stagge et al., 2014) .
Teleconnection indices
Teleconnection indices for the North Atlantic Oscillation (NAO), the Arctic Oscillation (AO), the Scandinavian (SCA) and the East Atlantic (EA) patterns, have been downloaded from http://www.cpc.ncep.noaa.gov/data/teledoc/teleintro.shtml for the period 1950-2015. The Niño3.4 index was used to characterize ENSO, and is defined as the averaged SST anomalies over the 5 domain 170° -120°W; 5°S -5°N.
Methods
Ranking maps
In order to put the summer 2015 summer drought in a long-term context, ranking maps for monthly 
Composite maps
To identify the physical mechanism responsible for the connection between the summer drought 15 conditions and the large-scale atmospheric circulation and North Atlantic SST, we constructed composite maps of the difference between the time series August SPEI3 index averaged over the 18°E -32°E; 48°N -52°N region for the years when the index was greater and lower than a value of 0.75. This threshold was chosen as a compromise between the strength of the climate anomalies associated with summer drought conditions and the number of maps satisfying this criterion. 20 Further analysis has shown that the results are not sensitive to the exact threshold value used for our composite analysis (not shown). We have computed composite maps, instead of correlation maps, because the former considers the nonlinearities included in the analysed data. The significance of the composite maps is based on a standard t-test (confidence level 95%). 
Climate conditions and drought indices
Precipitation and Maximum Temperature
The summer 2015 drought and heat wave as measured by the rank maps of the monthly lowest precipitation totals and the maximum daily temperature (for the months May to August) are shown in Figure 1 (Figure 3c ), whereas the July SPEI3 does (Figure 3d ). This is likely due to the generally low seasonal precipitation in this region, which makes distinguishing between precipitation-based drought anomalies (SPI3) difficult. In contrast, accounting for potential evapotranspiration in the SPEI3 highlights the severity of this drought, with July 2015 ranked as the hottest on record in Spain (Figure 2c ). This suggests that the SPEI is a more comprehensive 25 measure of drought climatological drought severity and is preferred to the SPI in the remainder part of this paper. Similar results have been found by Hoy et al. (2016) , who showed that SPEI and the Water Balance Anomaly Index (WBAI) are a better estimate of drought severity compared to precipitation based drought indices (SPI). summer in the Atlantic Ocean basin, suggesting that the air-sea interaction associated with the northward shift of the subtropical high plays an important role (Czaja and Frankignoul, 2002; Huang and Shukla, 2005) . The SSTs in the Mediterranean Sea were again in the top eight warmest Augusts on record ( Figure S3g ). The SSTs in the Atlantic basin, centered around the 30°N band, rank in the first three warmest Augusts ( Figure S3g ). In contrast to this, the small region in the 25 central North Atlantic Basin ranks in the first eight coldest Augusts ( Figure S4f ).
In the following, we investigate more closely the evolution of the daily SST anomalies that might have influenced the European climate throughout the summer 2015, either directly or via teleconnections. First, we have computed two time series of daily SST anomalies to encapsulate the two key anomaly areas: the central North Atlantic Ocean (-30°E --10°E; 50°N -60°N) and the 30 western Mediterranean Sea (0°E -25°E; 30°N -45°N). These two regions are chosen based on the rank maps in Figure S3 . In a similar manner, we computed a daily SPEI3 index, averaged over the area affected the most by the drought conditions in summer 2015 (18°E -32°E; 48°N -52°N). This area was chosen based on the ranking map for SPEI3 (June-August; Figure 3f ) and comprises the region that ranks as the driest on record. accompanied by increased OLR anomalies over France, Ukraine and the Mediterranean Sea ( Figure   6d ). In June and July 2015, there was an obvious wave-train of altering Z500 anomalies: negative, but weak, Z500 anomalies over central-northern Canada, positive Z500 anomalies over Greenland, negative Z500 anomalies over Northern Atlantic Basin and Fennoscandia, and positive Z500
anomalies over central and southern part of Europe (Figure 6c and 6e ). This wave-train was accompanied by excessive precipitation (e.g. Figure S1 ) and reduced OLR anomalies over Scandinavia and the British Isles, and heat waves, dryness and increased OLR anomalies over the Iberian Peninsula, central Europe and the Balkans.
In August 2015, the Z500 anomalies are projecting onto an Ω-like block pattern with positive Z500
anomalies over Alaska and Greenland, followed by negative Z500 anomalies in the middle of the 5 North Atlantic Ocean and an anomalous positive center over Europe (Figure 6g ). The anomalous Z500 center over Europe suggests a dominant subsidence and adiabatic warming associated with reduced cloudiness and increased incoming solar radiation (Figure 6h ).
Since there were four consecutive heat wave episodes ( Figure S5 ) with small interruptions in between, daily evolution of the atmospheric circulation and WVT averaged over the heat wave 
Teleconnection patterns
Numerous previous studies have shown the importance of teleconnection patterns in modulating the climate of Europe in different seasons (e.g. Hurrell, 1995; Trigo, 2004; Andrade et al., 2012; Casanueva et al., 2014; Ionita et al., 2014; . Here, we investigate the role of these The teleconnection patterns previously shown to have the strongest impact on European precipitation and temperature, and hence drought conditions, are the NAO, the EA and the SCA 20 teleconnection patterns (Hurrell, 1995; Barnston and Livezey, 1987; Comas-Bru and McDermott, 2014; Ionita et al., 2015; Kingston et al., 2015) . The NAO was in a positive phase from January until June 2015, followed by an abrupt shift towards the negative phase in July and August ( Figure   S9b ). In July 2015, the NAO recorded the lowest July value of -3.14 over the last 65 years ( Figure   S10b ). The negative NAO phase during the summer months was accompanied by a positive phase 25 of the EA pattern ( Figure S9c ) and a negative phase of the SCA pattern ( Figure S9d) . The recorded values of the SCA index were among the lowest over the last 65 years for the months of May and June 2015 (May: -2.15 and June: -1.52, Figure S10d ). In summer, a negative NAO is associated with reduced precipitation and high temperatures over the Mediterranean region and the Balkans (Blade et al., 2012) . Moreover, a negative summer NAO is associated with anomalously warm SSTs 30 in the Mediterranean basin (Blade et al., 2012) , in agreement with our findings from Section 3.3. As such, the negative phase of NAO and SCA during the summer months could partially explain the reduced precipitation and high temperatures over the Iberian Peninsula, the central part of Europe, and the Balkans, while at the same time producing increased precipitation and low temperatures over the northern part of Europe in 2015 summer. This spatial pattern is also seen in a recent study by Casanueva et al. (2014) , who find that the main drivers of the summer precipitation over Europe are NAO and SCA, and that the northern part of Europe receives more precipitation during the negative phase of SCA and NAO, whereas the rest of Europe receives less precipitation and thus, is more exposed to droughts. the heat wave were more than five standard deviations above the mean in some parts of Europe (Schär et al., 2004) ; ii) the high precipitation deficit and evapotranspiration losses led to water shortages, temporary cessation of agricultural activities and even the temporary shutdown of various power plants (Stahl et al., 2016) and iii) it caused around 70 000 heat-related deaths, mainly in the western and central part of Europe (Robine et al., 2008) . Figure 11d ). According to modeling studies, a warm Mediterranean Sea alone could not produce the heat wave, but it can reinforce it through increased oceanic heat flux to the atmosphere (Feudale and Shukla, 2007) .
Moreover, for summer 2003 the North Sea and the surrounding North Atlantic Ocean were also very warm and could have played a role in the development of the heat wave by reducing the baroclinicity in the European region and enhancing blocking situations (Feudale and Shukla, 2010) . Low regime (Cassou et al., 2005) . This weather regime is associated with the occurrence of extreme warm days over the western and southern part of Europe in summer, due to advection of warm air masses form northern Africa and the Mediterranean Sea.
Although the overall spatial structure of the Z500 anomalies for the two extreme summers are not 20 similar, they are both associated with anticyclonic circulations over Europe, flanked by cyclonic circulation over the surrounding areas and with very warm Mediterranean Sea and tropical Atlantic Ocean, and cold central North Atlantic Ocean. As previously shown, the anticyclonic circulation in summer over Europe could be strongly influenced by the tropical Atlantic Ocean, due to a northward shift in the Intertropical Convergence Zone (ITCZ) position (Cassou et al., 2005) . Based 25 on modelling and observational studies, it has been shown that the probability of heat waves to occur over Europe is much higher when the tropical forcing is taken into account (Cassou et al., 2005) . The summer 2003 drought and heat wave was the consequence of a prolonged dry period characterized by persistent anticyclonic circulation, which started already at the end of winter, the drought in summer 2015 originated much later, i.e. at the end of spring ( Figure S13 and S15). 
Comparison with other extreme dry and hot summers
To assess the severity of the summer 2015 drought and heat wave in a long-term context the daily maximum temperature for JJA and SPEI3 for August over study period is analyzed.
The six warmest (the highest daily maximum temperatures recorded at each grid point, Figure 9a) and driest (Figure 9b 1955, 1972, 1976, 2003, 2010 and 2015, occurred summers may be driven mainly by precipitation deficits.
Summer droughts and large-scale atmospheric circulation in a long-term context
To examine the drivers of historical droughts, including the extreme summer 2015 event, an August SPEI3 index was created, defined as the mean SPEI3 within the most affected region (black box in 20 Figure 10a, Section 3.2). By means of this index, composite maps were created to show the mean atmospheric circulation and North Atlantic SSTs for the driest summers (regional SPEI3 index < 0.75), including 1951, 1952, 1953, 1959, 1963, 1964, 1976, 1983, 1992, 1994, 1995, 2002 and 2015 ( Figure 10b ). It is interesting to note that 2003, generally considered a benchmark drought in western Europe, is not considered an extreme year in terms of SPEI3 for this region due to its 25 slightly different climate drivers (see Section 5) .
Dry years in the eastern European region that was the focus of the summer 2015 event are usually associated with a tripole-like pattern of a large positive Z500 anomaly over the central and eastern part of Europe, flanked by a large negative Z500 anomaly to the north and south-east (i.e. over
Greenland and Mediterranean Sea) (Figure 10c ). Summer (SPEI3) droughts in this region are also 30 associated with a northward deflection of the Atlantic storm-tracks (Figure 10d ), which produces exceptionally warm summer temperatures for most of Europe, centered over the eastern Europe (Figure 10e ). North Atlantic SSTs during these events are characterized by a tripole-like pattern, with altering signs of SST anomalies over the North Atlantic basin and the Mediterranean Sea. Dry summers over the eastern part of Europe are associated with positive SST anomalies on the eastern coast of the U.S. and over the Mediterranean and North Sea, negative SST anomalies south of Greenland and positive SST anomalies over the Barents Sea (Figure 10f ). It is worthwhile to note that the anomalies identified in the Z500, WVT, Tx and SST fields (Figure 10 ), associated with dry summers over the eastern part of Europe, closely resemble the conditions during the 2015 event identified in the previous sections. This suggests that the 2015 drought followed a relatively typical, 5 but extreme, climatological pattern that produces drought in eastern Europe.
Previous studies have emphasized the role of the Atlantic and Mediterranean SST in driving the occurrence of meteorological droughts and heat waves over the European regions (Feudale and Shukla, 2011a; 2011b; Ionita et al., 2011; Kingston et al., 2013) . In a recent study, Duchez et al. 
Discussion
This study has presented the key drivers and characteristics of the summer 2015 drought in Europe.
A series of hydroclimatological variables have been investigated to characterize the extraordinary (Schär et al., 2004) and continued in 2010 (Barriopedro et al., 2011) and 2013 (Dong et al., 2014) . These summers were all characterized by long-lasting droughts, 15 heat waves and record temperatures in different regions, depending on the particular event.
The heat wave episodes, all associated with persistent blocking events. These anomalies (precipitation and temperature) are indicative of a mechanisms controlled by the radiative forcing, rather than thermal advection. Similar results have been obtained by Andrade et al. (2012) , who showed that warm days in summer, over the central and southern part of Europe, are controlled by radiative forcing enhanced due to persistent high-pressure system. 25 Over western, central and eastern part of Europe, the high pressure system allowed hot air from the tropics to move north and get persist over these regions. Clear skies allowed for the temperatures to rise even further, creating a stronger center of high pressure, reinforcing the already stagnant Ω block atmospheric pattern. The high pressure system acted as a barrier, preventing low pressure systems from moving over Europe and pushing them instead to the north. Contrary to the situation 30 observed over the western, central and eastern part of Europe, the British Isles and Fennoscandia were subjected to unstable weather conditions, low temperatures and cloud formation, due to the influence of the low-pressure system there in June and July.
The summer SSTs averaged over the Mediterranean Sea showed that summer 2015 was the third warmest summer over the last 160 years. Although the very warm Mediterranean Sea and the occurrence of blocking patterns over Europe are likely to be closely related, the exact mechanism by which the Mediterranean SSTs could influence the atmospheric circulation over Europe is not fully understood (Beniston and Diaz, 2004) . Feudale and Shukla (2007) Both extreme summers were associated with a more meandering polar jet, a circulation structure 5 that has appeared more often during the last decades in connection with the Arctic amplification phenomena (Cohen et al., 2014) . In a recent study, Lehmann and Coumou (2015) showed that changes in the mid-latitude circulation strongly affect the number and intensity of extreme events.
They showed that summer heat extremes are associated with low storm track activity, due to a reduced eddy kinetic energy (EKE). Low summertime EKE is significantly linked to positive 10 geopotential height anomalies, and hence has a strong impact on the occurrence of heat waves and
droughts. An observed decrease in the EKE in summer has been associated with favorable conditions for heat extremes such as the ones in 2003 and 2010 . The decrease in EKE is in agreement with the observed increasing trend in the frequency and persistence of summertime anticyclonic circulation patterns since 1979 over the Northern 15 Hemisphere, especially over the U.S., Europe and western Asia (Horton et al., 2015) .
The increase in the frequency and persistence of summertime anticyclonic circulation contributed significantly to heat waves and droughts over those regions. Nevertheless, caution should be taken when applying the conclusion from this study about the possible drivers of the drought event, since there are other hemispheric/regional mechanisms that also could have played a role (e.g. a 20 weakening of the summer atmospheric circulation and/or the Arctic Amplification (Cohen et al., 2015) . Simulations with general circulation models may be also necessary in the future to investigate the full spectrum of causes of severe drought events.
Conclusions and recommendations
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Based on the analysis presented in the previous sections, the following main conclusions can be drawn: The study has assessed the severity of the summer 2015 drought event in terms of spatial coverage and the strength of the anomaly, through the use of standardized drought indices (SPI and SPEI), 20 and compared it with the extreme drought of 2003. One important feature of these events, namely the heat waves that accompanied the droughts, was given special attention. However, to assess the full range of drought impacts, many of which are related to a lack of water (Van Lanen et al., 2016) , requires additional analyses and data such as soil moisture, groundwater and streamflow observations. Improved management of drought requires a common action of the hydrological and 25 climatic communities that should include monitoring of hydro-meteorological variables, multimonthly and seasonal forecasting of both climatic and hydrological variables, impact assessments and exploration of potential promising measures to reduce impacts, accounting for the specific conditions at the river basin scale. As such, drought impact and management studies require a concerted multi-disciplinary action from the climatic and hydrological communities that consider 30 both climate and hydrological controls on drought. This paper, along with its counterparts addressing the hydrological perspective and the impacts of the European drought of 2015 (Laaha et al., 2016; Van Lanen et al., 2016) , can be seen as emerging efforts of the climatological and hydrological communities to jointly evaluate the causes and consequence of an extreme event from both perspectives. 
